The EPF family is a group of Cys 2 /His 2 zinc-finger proteins in petunia. In these proteins, characteristically long spacer regions have been found to separate the zinc fingers. Our previous DNA-binding studies demonstrated that two-fingered proteins (ZPT2-1 and ZPT2-2), which have spacers of different lengths, bind to two separate AGT core motifs in a spacing specific manner. To investigate the possibility that these proteins might distinguish between the target sequences on the basis of spacing between the core motifs, we screened petunia cDNA library for other proteins belonging to this family. Initial screening by PCR and subsequent cloning of full-length cDNAs allowed us to identify the genes for 10 new proteins that had two, three or four zinc fingers. Among the two-fingered proteins the spacing between zinc fingers varied from 19 to 65 amino acids. The variation in the length of spacers was even more extensive in three-and four-fingered proteins. The presence of such proteins is consistent with our hypothesis that the spacing between the core motifs might be important for target sequence recognition. Furthermore, comparison of diverse protein structures suggests that three-and two-fingered proteins might have resulted due to successive loss of fingers from a four-fingered protein during molecular evolution. We also demonstrate that a highly conserved motif (QALGGH) among the members of EPF family and other Cys 2 /His 2 zinc-finger proteins in plants is critical for the DNA-binding activity.
INTRODUCTION
The Cys 2 /His 2 zinc finger proteins, first discovered in the transcription factor IIIA (TFIIIA) of Xenopus (1) , represent an important class of eucaryotic transcription factors. Some of them have been known to play central roles in development while others are involved in general transcription (2, 3) . This class of zinc finger proteins constitute one of the largest protein families in animals. An estimated 300-500 Cys 2 /His 2 zinc finger proteins are encoded in the human genome (4) . However, functions of most of these proteins remain unknown.
In a Cys 2 /His 2 zinc finger, two cysteins and two histidines (in a conserved sequence motif, CX 2-4 FX 8 HX 3-5 H) tetrahedrally coordinate a zinc atom to form a compact structure that interacts with the major groove of DNA in a sequence specific manner. Generally, in animals, multiple zinc finger motifs are present in this protein family as tandem arrays separated by a conserved short sequence known as HC-link (5) . Interactions of some of these proteins with the target DNA sequences are best characterized among transcription factors. The cluster-type zinc finger proteins interact with contiguous sets of triplet sequences, with each zinc finger making contact with a triplet (6) (7) (8) (9) (10) . In Sp1, Krox20 and Zif268, three positions in the α-helical region (CXXCXXXFXXXXXLXXHXXXH) have been shown to interact with specific nucleotides in the respective target sequences (6) (7) (8) (9) (10) . Each of these amino acids recognizes a single nucleotide in the target sequence triplet, as demonstrated by mutational and X-ray crystallographic studies. The importance of these positions in the recognition of target sequences was also revealed by statistical analyses (11) and by phage display selection of randomized fingers (12) . However, this rule is not applicable to all Cys 2 /His 2 zinc finger proteins (13) .
The EPF family is a group of DNA-binding proteins in petunia consisting of two canonical Cys 2 /His 2 zinc finger motifs (CX 2 CX 3 FX 5 LX 2 HX 3 H) which have been implicated in floralorgan specific transcriptional regulation (14, 15) . In contrast to their animal counterparts, these proteins are characterized by long spacer regions of variable lengths between the zinc fingers. Moreover, the zinc finger motif itself contains a highly conserved sequence, QALGGH (zinc fingers containing this sequence will be referred hereinafter as EPF-type zinc fingers). This sequence is located within the region that corresponds to DNA-contacting surface of some well-characterized Cys 2 /His 2 proteins (6-10). The QALGGH motif has been found in one-and two-zinc-fingered proteins of other plant species as well (17, 19, 20) . SUPERMAN, a developmental regulator that controls the number of stamens in Arabidopsis, contains only one zinc finger of EPF-type (16) . The gene for STZ1, *To whom correspondence should be addressed. Tel: +81 298 38 8383; Fax: +81 298 38 7417; Email: takatsuh@abr.affrc.go.jp a two-fingered protein, complements salt-sensitive mutant of yeast. WZF1, a two-fingered protein of wheat, binds to the sequence within the promoter region of histone gene (17) . Indeed, most of the Cys 2 /His 2 zinc finger proteins that have been found in plants have the QALGGH sequence with only one exception (18) . Interestingly, this conserved sequence motif has not so far been reported from any organisms other than plants, suggesting that this type of zinc finger proteins which form a major class of transcription factors in plants, might be involved in controlling the processes that are unique to plants.
We have previously characterized DNA-binding activities of the two members of the EPF family, ZPT2-1 and ZPT2-2 (renamed from EPF1 and EPF2-5, respectively) (15, 19) . Each of these proteins bind to two tandem AGT sequences that are separated by a few base pairs. They, however, differ in their sensitivity to the spacing between the two core DNA sequences: ZPT2-2 showed relatively strict sensitivity to the spacing of 13 bp, whereas, ZPT2-1 was rather less sensitive. This difference could presumably be due to the lengths and structures of the spacer region between the two zinc-finger motifs. Depending upon these observations, we had proposed a hypothesis for the target sequence recognition; i.e., different members of the EPF family distinguish their specific target genes not only by the core sequence but also by the spacing between them. If this was the case there should exist several other members belonging to the EPF family with more diversity in the length of spacer region between the fingers.
To address this issue, we systematically screened for the new members of EPF family genes in petunia and consequently, obtained full-length cDNAs for 10 new proteins. In these new members we found examples of proteins with two, three and four zinc fingers and the spacing between the two adjacent fingers varied between 19 and 285 amino acids. Based on the configuration of the zinc fingers and our previous results of DNA-binding studies, we have proposed a general mechanism of target sequence recognition by the EPF-type zinc-finger proteins. Comparison of protein structures also provided some insight into the evolution of this protein family. Furthermore, we have assessed the significance of the conserved 'QALGGH' sequence by DNA-binding experiments using mutagenized proteins. The results suggest that this conserved sequence is indeed critical for the DNA-binding activity.
MATERIALS AND METHODS

Detection of the genes for EPF proteins by PCR
Genomic DNA was extracted from mature petals of Petunia hybrida (var. Mitchell diploid) as described by Boutry and Chua (20) . PCR was conducted in reaction mixtures that contained 1.5 mM MgCl 2 , 0.2 mM each dNTP, 5 µM each of upstream and downstream QALGGH primer (see below), 2.6 U of Expand High Fidelity enzyme (Boehringer Mannheim, Mannheim, Germany), and 2 µl of 10× PCR buffer (supplied by Boehringer Mannheim) in a final volume of 20 µl. The sequences of the upstream and downstream QALGGH primers were CA(A/G)GCI(T/C)TIGGIGGICA(T/C) and (A/G)TGICCIC-CIA(A/G)IGC(T/C)TGG, and they corresponded to the amino acid sequence QALGGH in the forward and the reverse orientations, respectively. Cycling was preceded by an initial 10 min denaturation at 94_C in a reaction mixture without the enzyme. Then the enzyme was added and reaction was carried out for 30 cycles of 30 s at 94_C, 30 s at 50_C, and 1 min at 72_C, and then followed by a final extension of incubation for 7 min at 72_C. The products of PCR were separated on a 2% agarose gel in TAE (40 mM Tris-acetate, pH 8.0, 1 mM EDTA) buffer and purified with a Wizard PCR Preps DNA Purification System (Promega, Madison, WI). The DNA fragments were cloned into the pGEM-T vector (Promega) and sequenced.
Cloning of cDNAs
Total RNA was extracted from root as described by Agarie et al. (21) and from stamen as described by Takatsuji et al. (14) . For the extraction of total RNA from pistils, we used an RNaid Kit (Bio 101, La Jolla, CA) because the two procedures above resulted in partial degradation of RNA from this tissue. Poly(A) RNA was selected with Oligotex-dT30 Super (Roche, Tokyo, Japan). cDNA was synthesized with the Superscript Plasmid System (BRL, Gaithersburg, MD) and a cDNA library was constructed in the pSPORT vector (BRL). The library was screened with a Genetrapper cDNA positive selection system (BRL) according to the manufacturer's instructions.
Production of mutant proteins
Mutations were introduced into the coding region of a truncated form of ZPT2-2 (amino acid residues 66-210) by the recombinant PCR method (22) as described previously (19) . All constructs in pBC SK -vector (Stratagene, La Jolla, CA) were confirmed by DNA sequencing. Transcription was carried out with T3 RNA polymerase from the T3 promoter in the pBC SK -and wild-type and mutant derivatives of the truncated ZPT2-2 proteins were translated in a rabbit reticulocyte lysate in the presence of [ 35 S]methionine as described previously (19) . The sizes and amounts of the products were checked by electrophoresis in a 12.5% SDS polyacrylamide gel and subsequent autoradiography. Then equivalent amounts of the products were used for subsequent gel-shift experiments.
DNA-binding assays
All DNA-binding reactions were carried out in 25 mM HEPES-KOH, pH 7.6, 40 mM KCl, 0.1% NP-40, 0.01 mM ZnCl 2 , 10 µg/ml poly(dI-dC) and 0.1 mM DTT. Gel-shift assays were performed with 10 000 c.p.m. of 32 P-end-labeled probe A (a dimer of TTGAC-AGTGTCACTTGACAGTGTCAC, minimal binding sites are underlined) and ∼1 µl of the product of in vitro translation. After incubation for 20 min at room temperature, the mixtures were subjected to electrophoresis in a 0.7% agarose/3% polyacrylamide gel as described previously (14) .
RESULTS
Cloning of the genes for EPF-type zinc-finger proteins encoded in petunia genome
To detect the genes for unidentified members of EPF-type zinc-finger proteins that are encoded in petunia genome, we performed PCR using genomic DNA as template and two degenerate primers corresponding to the QALGGH sequence in forward and reverse orientations. This screening was expected to detect the proteins with more than two zinc-finger motifs of EPF type. Native polyacrylamide gel analysis of the reaction products revealed numerous bands of very diverse sizes (Fig. 1 ). Cloning and sequencing of these DNA fragments confirmed that these fragments represent portions of EPF-type zinc-finger proteins. Thus, the EPF family seems to be comprised of a large number of zinc-finger member proteins possessing variable length spacers between the zinc fingers. Because the corresponding transcripts for all PCR products were found to be present in either stamen, root or ovary (data not shown), we cloned the corresponding cDNAs from petunia cDNA libraries specific for either of the three organs. Sequence analyses revealed that 10 of them encode new zinc-finger proteins of EPF-type.
Protein structures of new EPF-type zinc-finger proteins
Based on the deduced amino acid sequences of 10 new EPF proteins ( Fig. 2 ) and the comparison of these structural features ( Fig. 3 ) with those published previously (14, 15) and those of anther-expressed proteins appearing elsewhere (23), we have been able to categorize these proteins into three subclasses depending on the number of zinc-finger motifs; viz., two, three and four. From a total of 21 EPF type proteins analyzed, 14 fell into the category of two-fingered type. Interestingly, all the zinc fingers in this subclass exhibit 100% conservation of the QALGGH sequence. However, the lengths of spacers between the zinc fingers were found to be highly variable, ranging from 19 amino acids in ZPT2-7 to 65 amino acids in ZPT2-11. This variation of the length of spacer region is quite in contrast with invariant length of spacers (7 amino acids) of cluster-type zinc-finger proteins in animals.
Among three-and four-fingered type proteins, the spacer regions between two adjacent zinc fingers is either relatively short (23-89 amino acids) or relatively long (126-293 amino acids). In the three-fingered ZPT3-3 and ZPT3-1, the short spacers are between the second and third fingers (23 and 70 amino acids in ZPT3-3 and ZPT3-1, respectively), whereas, the first and second fingers are separated by longer spacer regions (148 and 150 Figure 2 . Amino-acid sequences of new members of EPF family. Amino acid sequences of new EPF-type zinc-finger proteins from petunia were compared using GENEWORKS software (IntelliGenetics). Two-fingered proteins (A) and three-and four-fingered proteins (B) are aligned separately. The two-fingered ZPT2-10 and three-fingered ZPT3-3 are compared separately (C). Zinc-finger regions are boxed and hydrophobic regions containing DLNL sequences (shaded) are underlined. Clusters of basic amino acids are indicated by asterisks. This region is conserved among other members of the EPF family and referred to as B-box (15) . Identical amino acids are indicated by dots in (C). Official names of these proteins are PEThy;ZPTn1-n2 (n1: number of zinc fingers, n2: serial number), however, abbreviated notations ZPTn1-n2 are used in the text and figures. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases with the following accession numbers AB006597 (PEThy;ZPT2-10), AB006598 (PEThy;ZPT2-11), AB006599 (PEThy;ZPT2-12), AB006600 (PEThy;ZPT2-13), AB006601 (PEThy;ZPT2-14), AB006602 (PEThy;ZPT2-7), AB006603 (PEThy;ZPT2-8), AB006604 (PEThy;ZPT2-9), AB006605 (PEThy;ZPT3-3), AB006606 (PEThy;ZPT4-4).
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amino acids in ZPT3-3 and ZPT3-1, respectively). In ZPT3-2 (another three-fingered protein), however, the first and second fingers are separated by the short spacer (51 amino acids), and there is a long spacer (155 amino acids) between the second and third finger. In the four-fingered types, the short spacers are always located between the first and second fingers and between the third and fourth fingers. The second and the third fingers are separated by very long spacers, particularly in ZPT4-2 and ZPT4-3 (293 and 285 amino acids, respectively). In general, the lengths of the relatively short spacers seem to be equivalent to those found in two-fingered types and, therefore, the two adjacent fingers with relatively short spacers appear to be paired. We will discuss the significance of paired configuration of zinc fingers below, with respect to the recognition of target sequence.
Besides the zinc-finger motifs, presence of a hydrophobic region including a highly conserved sequence DLNL (denoted as DLNL box) was noted in the C-terminal portions of all the proteins. Clusters of basic amino acids, which we previously recognized in the four members of the EPF family (14,15) as putative nuclear localization signals were also present in some of the newly characterized proteins.
Amino acid sequences of zinc-finger motifs
All the zinc fingers in the two-fingered proteins were typical EPF-type (CX 2 CX 3 FX 3 QALGGHX 3 H). A correlation was recognized between the relative positions of the zinc fingers (N-terminal or C-terminal) and their amino acid sequences when the N-and C-terminal zinc fingers were aligned separately (Fig. 4) . The Figure 5 . Phylogenetic tree of EPF-type proteins. A phylogenetic tree was generated by GENEWORKS software (IntelliGenetics). ZAT 1, 5, 7, 10, 11, 12 (35) and STZ (25) are from Arabidopsis, WZF1 is from wheat (17) and PSZF1 is from pea (26) . The origins of these proteins and the numbers of zinc fingers they contain are indicated.
two types of zinc fingers will be referred to hereinafter as A-and B-types for the N-and C-terminal zinc fingers, respectively. For example, the position +1 is always G in the B-type fingers, while this position is F, Y or H in the A-type fingers. The position +9 is R in all the B-type fingers while the same position is mostly A in A-type fingers. The C-terminal regions of A-type fingers (from positions +12 to +15) are rich in basic amino acids (K or R) while corresponding regions in B-type fingers are not. The exchange of some amino acids in the two types of fingers did result in the loss of DNA-binding activity as shown below (Fig. 6) , suggesting that the two types of fingers are not functionally equivalent. Both types of zinc fingers were also found in the three-and four-fingered proteins. They were adjacently located at C-terminal portions of proteins in the same relative positions to each other as in the two-fingered proteins. Only ZPT3-2 lacks the B-type finger in the corresponding position.
The three-and four-fingered proteins contained, in addition to the typical EPF-type zinc fingers of A-and B-types, some Figure 6 . Effects of mutation in zinc-finger sequence on DNA-binding activity. Substitutions of amino acids were introduced into the truncated form of ZPT2-2 (19) and the mutant proteins were produced in vitro as described in the text. The proteins produced were tested for the binding activities to 32 P-end-labeled probe A. Substitution of amino acids and its positions are indicated at the top. The weaker bands with lower mobility are due to the binding of two protein molecules to the probe DNA. modified zinc fingers in the N-terminal portions. In these zinc fingers, some amino acids in the QALGGH regions are replaced by other amino acids. The most variable position in this region was position 2, in which Q has been replaced by either G or R or K. The variation of amino acids at this position that lies within a highly conserved region suggest that it might be the base determinant position (11) . The presence of the zinc fingers containing variants of the QALGGH sequence suggest that there could possibly be some more members of the protein family that have been missed by our screening, because the PCR-based screening would not detect the genes encoding such variant sequences in the C-terminal finger.
Although there is some variation, the similarity in the sequence of zinc-fingers within one protein is very evident. It suggests that an ancestral multi-fingered protein of the EPF family could have been generated by internal duplication of a single primordial finger as proposed for the TFIIIA (24) .
Phylogenetic analysis of the protein structures
A phylogenetic tree based on the entire sequences of petunia proteins, together with those of other plant species, is shown as Figure 5 . Phylogenetic distances are, for the most part, relevant to the number of the zinc fingers. However, one of the three-fingered protein (ZPT3-3) has been found to be related rather closely to one of the two-fingered proteins (ZPT2-10), in spite of the difference in the number of the zinc fingers. As shown in Figure 2c , the similarity in the protein sequences is evident except in the N-terminal regions of the two proteins. This is of particular interest when we consider the evolution of this protein family.
When considering the evolution of genes, exon-intron organization is often informative. In the case of TFIIIA, for example, seven of the nine zinc fingers are encoded by a single exon (24) , suggesting that the repeated structure has arisen from internal gene duplication. In this view, we attempted to examine the exon-intron organization of some members of the EPF family by analyzing the corresponding genomic DNA. We found no intervening sequences for the 12 proteins that we examined (data not shown).
Some structural similarities between the proteins of petunia and of other plant species had previously been pointed out e.g. between ZPT2-3 (renamed from EPF2-7) and STZ (25) and ZPT2-1 and PSZF1 (26) . We find that these relationships are still significant even though many other members of this family have been identified.
Mutations in the QALGGH sequence greatly affect DNA-binding activity
The conservation of QALGGH sequence among Cys 2 /His 2 -type zinc-finger proteins in plants seems unusual considering the variety of functions they are presumably involved in (14, 16, 17, 25) and the diversity in entire protein sequences, including the number of zinc fingers. This sequence is located in the region that corresponds to the DNA-contacting surface (that forms an α-helical structure) in some Cys 2 /His 2 zinc-finger proteins in animals (6) (7) (8) (9) (10) 27) . A high degree of conservation of QALGGH sequence in plants was indicative of its involvement in DNAbinding activity. To verify this assumption, we assessed the importance of each amino acid in the QALGGH sequence on DNA-binding activity by site-directed mutagenesis. This sequence has so far not been reported from the Cys 2 /His 2 -type zinc-fingers of any other eucaryote than plants. In particular, the two glycines occur very rarely in the positions 5 and 6 in zinc fingers in other organisms. We substituted each amino acid in the QALGGH sequence in the N-terminal zinc finger of ZPT2-2 with the other amino acids that occur more frequently at corresponding positions in reported zinc-finger sequences in animals. Then, the mutant proteins were produced in vitro and examined for the binding to the target sequences (Fig. 6) .
It was found that the substitution of any of A, L, G, G or H, amino acids at positions 3, 4, 5, 6 and 7, respectively, completely abolished the binding activity. When the Q at position 2 was substituted, the binding was greatly reduced but not completely abolished. These results suggest not only that the L and H are universally conserved in Cys 2 /His 2 -type zinc fingers, but also other amino acids in the QALGGH sequence are critical for DNA-binding activity. The DNA-binding activity referred here includes DNA-binding activity in general as well as to the specific test sequences, which will be described in more detail below.
Mutations at some positions adjacent to the QALGGH sequence also showed substantial effects on the binding activity. The position -1 is known to be one of the three base-recognition positions (-1, 3 and 6) in some animal proteins (6) (7) (8) (9) (10) . If the same holds for this EPF protein, the substitution of S with R in this position should reduce the binding activity to the probe A due to the change of target-sequence specificity. However, this mutation had no effect on binding whereas the substitution of the same position to A abolished the binding. These results suggest that this position is unlikely to be a base-determinant but rather critical for the structure of DNA-recognition surface. The mutations at position 1 (from Y to G) and position 8 (from K to A) resulted in the reduction or complete loss of binding activity, respectively. These two positions that are moderately conserved in the A-type fingers also seem to be important. Simultaneous mutations of two amino acids in positions 12 and 13 (from YK to YE) also abolished the binding. In this mutant protein, the two positions were replaced with the amino acids that occurred at the corresponding positions in the C-terminal zinc finger of ZPT2-2. These data might indicate that the two fingers are not equivalent in terms of DNA-binding activities although they both bind to AGT sequences. The abundance in basic amino acids at the C-termini of the A-type fingers (spacer region) might suggest that these basic amino acids are involved in the interaction with DNA, such as that with backbone phosphate.
No adverse effect on DNA-binding was observed when amino acids at positions -4 and -6 (putative β-sheet region) were substituted. Simultaneous mutations of two acids between the two conserved histidines and two amino acids in the spacer region between the fingers also showed no effect.
DISCUSSION
The diversity in the lengths of spacers between zinc fingers
We have identified a number of EPF-type zinc-finger proteins by using a PCR-based approach. A comparison of the protein structures revealed a striking feature i.e., the variation in the lengths of spacer region between adjacent zinc fingers. Among two-fingered proteins the spacers in are all relatively short, i.e., not more than 65 amino acids. However, three-and four-fingered proteins were found to contain very long spacers, in addition to the short ones.
Our previous experiments demonstrated that two of the two-fingered proteins, ZPT2-1 and ZPT2-2, had different specificity for the spacing between the two core sites in target DNA: ZPT2-2, with a 44 amino acid spacer, specifically preferred the spacing of 13 bp, whereas ZPT2-1, that has a longer (61 amino acid) spacer, tolerated a 13-16 bp spacing between the core sites. Based on these observation we proposed that the EPF proteins might recognize their cognate target DNAs depending not only on the sequences of core sites but also on the spacing between the core sites. We have found that the length of spacers between the two fingers varies from 19 to 65 amino acids among two-fingered proteins. And if our hypothesis (mentioned above) regarding the general mechanism of target sequences recognition by EPF family is true there should be a proportional gap between the core sites of the target DNA. The preference for specific spacing is presumably more strict for the proteins with shorter spacers. As for the proteins with long spacers, the gaps preferred by respective proteins may not be necessarily proportional to the lengths of the spacers. Though, before reaching any final conclusion we will have to know the binding sequence for each protein, the model seems reasonable if we consider that the protein with a spacer as short as 19 amino acids, for example, would be able to bind to two core motifs separated by 13 bp only if the peptide in the spacer region took an almost fully stretched conformation.
Among three-and four-fingered proteins, two fingers that are separated by short spacers appear to be paired. This notion is supported by the presence of neighboring zinc fingers of A-and B-types with invariant relative positions. The paired zinc fingers can presumably act as a minimal DNA-binding domain considering our previous results which demonstrated that two fingers were sufficient for high-affinity binding to DNA (19) . Long spacers separate the paired fingers from the other single or paired fingers in the three-and four-fingered proteins, respectively. In our previous experiments, the longer spacer conferred more tolerance in terms of specificity for the spacing in target DNA (19) , which suggests that the binding domain becomes more flexible as the length of spacer region increases. Therefore, the very long spacers in the three-and four-fingered proteins, perhaps, allow relatively independent behavior of the two putative minimal DNA-binding domains located at the ends.
In summary, we propose that: (i) two fingers separated by relatively short spacers behave as a minimal unit of DNA-binding domain.
(ii) Different lengths of spacers might confer different target sequence specificity to each member of the EPF family even with relatively similar core sequences. (iii) The minimal DNA-binding units separated by long spacers in the three-and four-fingered proteins behave with relative independence from each other. These hypotheses, however, remain to be tested by determining the target sequence of each protein and by structural analyses of protein-DNA complexes.
Specificity for the target sequence conferred by proteins with variable number of zinc fingers
Proteins with two fingers make contact with only 6 bp because each zinc finger binds to one triplet (19) . A particular sequence of six bases can theoretically occur once in 4 6 bp in a random sequence. The variability in the length of spacers can contribute to diversification of target sequences among the EPF family members, however, it may not contribute to the absolute specificity of the recognition sequence. Therefore, proteins with only two zinc-finger motifs would not be adequately equipped to differentiate between target genes. By contrast, three-and four-fingered proteins can make contact with three and four sites, respectively, if we assume that the modified zinc fingers present in these proteins are functional in DNA binding. This way, they recognize 9 and 12 bp, respectively, which should allow sufficient differentiation specificity. Interestingly, we have noted a conserved sequence (the DLNL motif) that is surrounded by hydrophobic amino acids near the C-termini of all EPF proteins. In many instances, such hydrophobic regions have been implicated in protein-protein interaction (28, 29) . These regions might interact with other associating DNA-binding proteins, in turn conferring adequate sequence-specificity to two-fingered EPFs and enhancing the specificity of three-and four-fingered EPFs. Similar hydrophobic or leucine-rich regions are also present in other Cys 2 /His 2 -type zinc-finger proteins in plants (16, 26, 30) .
Evolution of the EPF family
Among three-and four-fingered proteins, only ZPT3-2 lacks the B-type finger, which is normally paired with an A-type finger (Fig. 2B) . It may suggest that ZPT3-2 has resulted from a four-fingered protein by losing a B-type finger at the most C-terminal position. Similarly, ZPT3-3 and ZPT3-1 appear to have arisen by losing either of the two N-terminal fingers from four-fingered proteins. The similarity between ZPT3-3 and ZPT2-10 ( Figs 2C and 5) suggests that ZPT2-10 might have evolved by losing the first finger from ZPT3-3. Taken together, it seems that the three-fingered proteins might have arisen from four-fingered proteins and the two-fingered proteins from three-fingered ones. Probably, multiple proteins of each subclass differing in the number of zinc fingers could have resulted from gene duplication. The lengths of spacer region have presumably diverged after the gene duplication in each subclass, leading to the diversification of target sequences in terms of spacing in addition to the sequences of core sites. However, another possibility that four fingered proteins might have evolved by internal duplication of a pair of zinc fingers in two fingered proteins, cannot be totally ruled out. It would means that two fingered proteins are older than four-fingered ones in terms of evolution. This idea is based on the configuration of the zinc fingers; i.e. the first and second fingers appear to be paired as the third and fourth fingers. If this were the case, one would expect, in a four-fingered protein, that the first finger to be more similar to the third finger (A-type) and the second finger to the fourth finger (B-type). However, in the proteins analyzed so far, the first finger is more similar to B-type finger rather than A-type finger, therefore, we favor the hypothesis of the four-finger proteins being the ancestral ones.
The significance of the conservation of the QALGGH sequence
The Cys 2 /His 2 -type zinc-fingers, in general, has a basic structure composed of anti-parallel, two-stranded β-sheets and a short α-helix. This structure is primarily determined by two cysteines and two histidines which coordinate a zinc atom and two hydrophobic amino acids, usually F and L in positions 1 and 6, respectively, to form a hydrophobic core. The importance of the six amino acids in terms of the basic structure is evident from an NMR study: an artificial peptide, in which the six amino acids were in place but most of other positions were replaced with alanine, adopts a structure quite similar to the natural zinc fingers (31) . The amino acids in DNA-contacting surface (α-helical regions) are relatively conserved among related zinc-finger sequences, with base-determinant positions within this region being highly variable (11) .
In the EPF-type zinc fingers, the conservation of the QALGGH sequence within the putative DNA-contacting surface seems rather unusual. The high conservation of this sequence indicated its involvement in DNA-binding activity. Furthermore, our results demonstrated that mutation at each of the five positions, A, L, G, G and H, totally abolished the binding capability. When we discuss the effects of each mutation, we should consider the effects in two categories separately. One is upon the peptide structure that affects DNA-binding activity in general, the other is on the base-recognition that affects the binding to the specific test sequence only. The effects of mutations of the L and H in positions 4 and 7, respectively, are most likely due to the disruption of the basic zinc-finger structure because these are essential amino acids for TFIIIA-type zinc fingers. In other positions, however, we cannot clearly distinguish the effects on the base recognition and the peptide structure because our knowledge about the base-determinant positions of EPF family is limited. Our previous results suggested that base-determinant positions in the EPF family are different from those in Sp1, Krox20 and Zif268 (7,9,32); position 10 is a candidate for one of the base-determinant positions in the EPF family (33) . In the EPF-type zinc fingers, the two glycines at positions 5 and 6 are unlikely to be the sequence-determinants because glycine has no side chain which could interact with the bases in DNA. Therefore, the effects of these mutations are more likely to be on the structure of DNA-recognition surface, although position 6 corresponds to one of sequence-determinant position in the animal proteins. In SUPERMAN protein, a G to D mutation at position 5 leads to loss of function in terms of the phenotype in mutant plants (16) , consistent with our results. The position 3, which is occupied by A in most zinc fingers in the EPF family, also corresponds to the sequence-determinant position in the animal proteins. This position seems to be too highly conserved to be a sequence determinant, therefore, the effect of mutation is more likely to be on the structure. The position 2 is relatively variable among different zinc fingers. Considering the rule by Jacobs mentioned above (11) , this position might be the determinant of sequence specificity. In some modified zinc fingers in three-and four-fingered proteins, this position is occupied by K (Fig. 4) . Therefore, the reduction of binding activity by Q to K substitution in position 2 (Fig. 6 ) might be due to the change of target-sequence specificity. We should not overestimate these results because we have not tested systematically the substitution with various amino acids, however, we can at least conclude that the conservation of the QALGGH sequence is of particular importance for the DNA-binding activity of this protein family.
